Keywords: heat shock/ultrastructure/nucleolus/hypertrophy/5'0;/o«jvc^/a mytilus ABSTRACT. Fine structural observations on heat shocked cells of S. mytilus reveal that cell organelles undergo structural alterations. Mitochondria show distorted shapes with disorganized cristae and vacuolar spaces. Pulse heat shock results in dilated rough endoplasmic reticulum, abundant polysomes as well as smooth endoplasmic reticulum. Heat shocked cells show membranebound bodies containing osmiophilic cores. In macronuclei, dense chromatin breaks up into discrete bodies accompanied by the appearance of bundles of fine filaments and clustering of nuclear pores. The most prominent changes are noticed in nucleoli. Within 15 min of heat shock, nucleoli show hypertrophy and fine fibrillar zone which gradually replaces the granular zone by 120 min giving the nucleoli ring shaped configuration. In S phase cells, macronuclei show the arrested replication band in which the diffused zone (the site of DNAreplication) is absent.
The heat shock response represents a universal cellular protective behaviour whichinvolves an altered synthesis of normal cell proteins and the induction of a specific set of proteins (3, 29) . These proteins have been assigned to play an important role in the survival and recovery of cells (21) . While considerable progress has been made in identifying these stress proteins and their corresponding genes, little is known regarding their mode of action in the cell. We have been examining changes that occur at the subcellular level in response to heat shock and constant hyperthermic conditions in the hypotrichous ciliate, Stylonychia mytilus. These ciliates can be grown under standard conditions and are amenable to experimental manipulations either as single cell or in small synchronized group. Most of all, a cytological marker in the macronucleus, the replication band (the site of DNAsynthesis) permits fine and sensitive analysis of events related to cell growth and division. S. mytilus cells exposed to 35°C for brief durations exhibit the synthesis of heat shock proteins as has also been observed by D. Ammermann(personal com- munication) and maintain normal morphology and behaviour. Cytological and ultrastructural alterations have also been observed at supraoptimal temperature (30°C) where these cells still exhibit normal morphology and behaviour (13, 14) . Here we report some interesting subcellular modifications of Stylonychia cells in response to different levels of heat shock.
MATERIALS AND METHODS
Methodsfor the maintenance of cultures of Stylonychia mytilus have been described elsewhere (1, 13) . Selections of heat shock temperature is described earlier (15). Cells in the log phase of growth were heat shocked at 35°C for 15, 30, 60 and 120 min and then fixed for electron microscopy. For recovery experiments, cells were brought back to 23°C after heat exposure and then fixed during the period of recovery which lasts for 4 hours. Cells maintained at 23°C bundles of microtubules, often present near ciliary and cirral bases. The cytoplasm is clearly organised in two compartments viz. the ground cytoplasm containing the usual cytoplasmic organelles such as mitochondria, endoplasmic reticulum, ribosomes and an interspersed, interconnected system of membranebound channels (Fig. 1) . The channel system is associated with digestion. Lumenof channels contains a fluid phase in which many tubular bodies containing acid phosphatases are present (12) . Macronuclear chromatin is organized as an anastomosing network of condensed nature. The chromatin shows intermittent attachment at points to the inner membrane of the macronuclear envelope.
Dense chromatin is interspersed with lightly stained dispersed chromatin, together with many nucleoli. Each nucleolus shows a distinct fibrillar and granular zone. Fibrillar zone forms the core of the nucleolus and the granular zone usually occupies the periphery (Fig. 1C) . The micronucleus is characterized by the presence of long chromatin strands distributed uniformly lying in the close apposition with distinct nuclear membrane ( Cytoplasmic changes. Heat shocked cells maintain the normal cytoplasmic organization of ground substance and the channel system (Fig. 2) . However, individual organelles show certain changes whencompared to control cells. A 15 min heat shock results in the appearance of highly dilated rough endoplasmic reticulum (RER) (Fig. 2) . Initially, there is an abundance of monosomes and fewer polysomes as comparedto cells grown at 23°C. After 30 min of heat shock polysomes become abundant and remain so as long as the cells are exposed to high temperature. Simultaneously, there is a signifi- usual bundles of microtubules, which run parallel to the plasma membraneand are not a part of the cirralcomplex ( Fig. 2A) . Finally, numerous electron dense bodies (Fig. 1C) transforms mostly into discrete bodies after a 15 min heat shock (Fig. 3A) . Such altered chromatin configuration progresses with increased durations of heat shock (Figs. 3A-C) . During the recovery period, chromatin reverts back to a normal reticular pattern within four hours (Fig. 3D) . After 15 min exposure, only a few nucleoli show hypertrophy with the presence of fine fibrillar zones in the centre. Otherwise, the usual granular and fibrillar zones are seen (Fig. 3A) . After a 30 min shock period there is an increased number of hypertrophied nucleoli with most of them showing indistinct granular zones and clear fine fibrillar core. However,a few nucleoli show large central area with dense reticular material (Fig. 3B ). In cells heat treated for 120 min, most of the nucleoli acquire the shape of a ring with a large central fine fibrillar area surrounded by a compact fibrillar zone (Fig. 3C ). These nucleoli completely lack the granular zone and have enormously hypertrophied central zone. During four hours of recovery period, most of the nucleoli become smaller and the majority recover the normal organization with a definite granular and fibrillar zones. The fine fibrillar areas, distinctive of a heat shock treatment disappear (Fig. 3D) . In euchromatin zones, numerous bundles of fine micro filaments are seen (Fig. 4A ). These are distributed randomly and are not specifically aligned to each other. Individual fibres in bundles measure about 5 nm in diameter. Macronuclear envelope and pores. Examination of a number of sections of cells maintained at 23°C and exposed to 35°C for brief periods show significant differences in the distribution of pore complexes in the macronucleus envelope. Cells at 23°C show more or less uniform distribution of pores. Thin sections do not provide an accurate quantitative judgement. However, a rough qualitative assessment reveals that in cells at 23°C, there are 1-2 pores in a unit area of 0.6jum of macronuclear envelope. However, in cells exposed to 35°C, the pore complexes are present in clusters of 4-5 pores/0.6 jum (Fig. 4A) . Such clustered organization of pores persist during heat shock as well as recovery period.
Changes in the replication band. The replication band of control cells consists of two distinct zone viz., the reticular zone, which is the moving front and the diffuse zone, which is the actual site of DNAsynthesis (Fig. AC) . Cells exposed to heat shock during the S phase showarrest of the movement of replication band for a period equal to the delay period in completion of the division cycle (15). Ultrastructural examination reveals that the diffused zone is not sharply defined. Fragments of the reticular zone are seen scattered in the macronuclear chromatin (Fig. 4D ).
Micronucleus. In contrast, the micronuclear chromatin does not showany significant changes upon heat shock. The micronuclei extrude some kind of small membrane bound vesicles into the cytoplasm (Fig. 4B ).
These vesicles measure about 25-35 nmin diameter and are round to elliptical in shape. The lumen of these vesicles is electron transparent.
DISCUSSION
Stylonychia mytilus cells heat shocked at 35°C for variable durations exhibit a delay in cell cycle without any apparent morphological and cytological alterations (15) . However, the present ultrastructural analysis of these cells reveals a numberof subcellular alterations which virtually revert back to normal when the cells are transferred back to normal growth temperature (23°C). Heat shock induced mitochondrial structural alterations (moderate swelling, disorganized cristae) reflect their stressed condition which might be the primary signal for other stressed responses. Leenders et al. (1974) have also suggested that primary intracellular signal for stress response might comes from mitochondria. A dilated RER, the abundance of polysomes and the immediate development of SER in response to a heat shock and their persistance throughout the heat shock suggests a link between structural alterations and protein synthesis. SERdevelopment is necessary as it serves the site of heat shock protein binding (33) . Such responses are in line with the observations in Zea mays embryonic root cells (7) and in the Lycopersicon peruvianum cell culture (24). Heat shock induced association of heat shock proteins with SER and golgi bodies in mammaliancells have been reported by Lin et al. (20) . The membranebound osmiophilic bodies seems to be the unique structural feature of heat shocked cells and are probably analogous to the dense corpuscles of heat shocked maize root cells (7), heat shock granules of tomato suspension cultures (23) and cytoplasmic aggregates of heat shock proteins reported in Drosophila (2, 4) . The actual function of these moieties is unknown sofar.
Increased number and clustering of nuclear pores, site of nucleo-cytoplasmic exchange of material (6), as a consequence of the heat shock treatment suggests increased exchange of macromolecules. In Tetrahymena, variations in temperature influences the rates of transport of RNAand particles across the nuclear envelope (34) . Alterations in nuclear pore complexes have been reported in response to temperature changes in Euglena (9) ; stimulation of RNAand protein synthesis (22) and during encystment in the ciliate, Onychodromus (1 1). In the macronucleus of heat shocked cells the dense chromatin loses the reticular pattern and is transformed into discreted bodies. Moreover, the proportion of diffused chromatin appears much higher. Since the ultimate configuration of chromatin as seen structurally has to be achieved by coiling and supercoiling through the intervention of nuclear proteins (19), it suggests that heat shock by influencing the protein profile of cells results in the altered configurations as suggested by
Fransolet et al. (7) and Pekalla et al. (25) . Disappearance of granular componentof nucleoli has also been observed in BHKcells (30) . The intranucleolar chromatin disappears completely and RNAparticles are transformed into fibrils. In contrast to the condensation of granular component around the nucleolus observed in maize root embryo cells and HeLa cells (7, 32) , only the predominance of dense fibrillar components surrounding the fine fibrillar central region is observed in Stylonychia. It could be that the granular component is eliminated or transformed into fibrillar or fine fibrillar forming core of hypertrophied nucleoli. Fibrillar nucleoli are also observed in Zea mays showing low RNA synthesis (5) . Ultrastructural and autoradiographic studies have revealed that in tomato cell culture, pre-mRNAis most affected in response to heat shock (23). It has been further shown that major stress proteins are associated with the fibrillar zone of nucleoli (16, 27, 31, 33) .
Another interesting feature noticed in heat shocked cells is the appearance of bundles of fine fibrils measuring 4 nm each in the macronuclei. Appearance of microfibrillar bundles of similar dimension has also been noticed in rat fibroblasts (33) , Achyla ambysexualis (25) and in Tetrahymena (10) . Such structures can also be induced in many cell types by variety of drugs (8, 28) . They are probably derived from cytoplasmic actin pool as shown by immunofluorescent studies (26, 33) . It has been suggested that actin maybe associated with the modulation of transcriptional process (28) . As suggested by Welch and Suhan (33) , actin filaments may also serve someprotective function, since actin itself is a specific inhibitor of DNAseI in vitro (17). However, the concept needs to be verified using biochemical and molecular tools and in fact is an open question for further investigations in the text of heat shock induced alterations of the cell.
